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tat	 compared	with	 a	 hatchery	 environment,	 3,781	 single	 nucleotide	 polymorphism	
(SNP)	markers	were	analyzed	 in	 three	closely	 related	groups	of	brown	trout	 (Salmo 
trutta	L.).	Autumn	(W/0+,	n = 48)	and	consecutive	spring	 (W/1+,	n = 47)	samples	of	
brown	trout	individuals	belonging	to	the	same	cohort	and	stream	were	retrieved	using	













a	 linkage	 between	 these	 loci	 and	 traits	 affecting	 growth	 and	 survival	 under	 this	
stream’s	environmental	conditions.	Bayesian	structuring	of	all	loci,	and	of	the	noncan-
didate	loci	suggested	two	(K = 2),	alternatively	four	clusters	(K = 4).	This	differed	from	
the	candidate	SNPs,	which	suggested	only	two	clusters.	In	both	cases,	the	hatchery	
fish	dominated	one	cluster,	and	body	length	of	W/1+	fish	was	positively	correlated	
with	membership	of	one	cluster	both	from	the	K = 2 and the K = 4 structure. Our anal-
ysis	demonstrates	profound	genetic	differentiation	that	can	be	linked	to	differential	
selection	on	a	fitness-	related	trait	(individual	growth)	in	brown	trout	living	under	natu-
ral	 vs.	 hatchery	 conditions.	Candidate	 SNP	 loci	 linked	 to	 genes	 affecting	 individual	
growth	 were	 identified	 and	 provide	 important	 inputs	 into	 future	 mapping	 of	 the	
	genetic	basis	of	brown	trout	body	size	selection.












A	variety	of	 assay	 tools,	 analysis	 techniques	 and	 software	pack-
ages	 are	 available	 for	 geneticists	 studying	 topics	 related	 to	 conser-
vation	 biology	 and	 molecular	 ecology,	 with	 both	 simple	 sequence	
repeats	(SSRs)	(Balloux	&	Lugon-	Moulin,	2002)	and	single	nucleotide	
polymorphisms	(SNPs)	(Thomas	&	Kejariwal,	2004)	representing	pow-
erful	 tools	 for	 genetic	 studies.	 SNPs	are	prevalently	biallelic	 in	 con-









ronments	 through	 phenotypic	 plasticity	 (Valiente,	 Juanes,	 Nuñez,	 &	
Garcia-	Vazquez,	2010),	and	genetic	modification	due	to	natural	selec-
tion	 (Jensen	et	al.,	 2008).	An	 important	 trait	of	 animals	 is	 individual	
growth	(Stearns,	1992),	and	being	indefinite	in	fish,	growth	shows	high	
variability	 due	 to	 the	 ultimate	 environmental	 factors,	 among	which	
temperature	 is	 crucial	 (Bærum,	Vøllestad,	Kiffney,	 Rémy,	&	Haugen,	
2016;	Jensen,	Forseth,	&	Johnsen,	2000;	Jensen	et	al.,	2008;	Nicola	&	
Almodovar,	2004).	In	monitoring	populations	from	a	conservation	per-
spective,	 important	 population-	genetic	 indices	 are	 calculated	 based	
on	 SSRs	 or	 SNPs,	 but	 to	 explore	 the	 effects	 of	 selection,	 SNPs	 are	
better	suited	than	the	basically	neutral	SSRs.









to	explore	 the	differing	effects	of	 selective	 forces	 in	wild	compared	
with	hatchery	fish	bred	from	a	limited	number	of	randomly	picked	wild	
fish	subject	to	forced	mating,	and	with	offspring	living	in	a	protected	









The	 following	hypothesis	were	 tested	as	 follows:	 (1)	Genetic	differ-
entiation	between	different	age	groups	of	the	same	cohort	and	pop-












electro	 fishing	 (a	portable	 apparatus	powered	by	a	12	V	battery)	 in	
the	 same	 stretch	 of	 Sagbekken	 (EPSG	 4326:	 62.319°N;	 10.486°E),	
a	 small	 tributary	 (conductivity	4.0	mS/m)	of	Lake	Savalen	 in	 central	
Norway.	The	sampling	was	conducted	September	29,	2011,	at	water	
K E Y W O R D S
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F IGURE  1 One-	year	old	hatchery	brown	trout	(Salmo trutta	L.)	in	
aquarium




















gametes	 that	were	 randomly	mixed	 to	 produce	 the	H/1+	offspring.	
The	brood	parents	were	collected	from	two	streams,	Sagbekken	and	





neutral	genetic	differentiation	(FST = 0.013,	95%	C.L. = 0.003–0.0023)	
between	brown	trout	from	Sagbekken	and	Mogardsbekken	(Linløkken	
&	Johansen,	2010).
2.2 | DNA extraction and isolation
Genomic	 DNA	 was	 extracted	 from	 caudal	 fin	 clips	 and	 preserved	
in	96%	EtOH	at	−20°C,	using	a	Blood	&	Tissue	Kit	 (Qiagen,	Hilden,	
Germany).	From	30	μl	cleared	lysate,	total	genomic	DNA	was	isolated	
using	 GenoM-	48	 Robotic	Workstation	 (GenoVision,	 Oslo,	 Norway)	
and	magnetic	 bead	 technology.	Binding	of	DNA	 to	magnetic	 beads	
(Qiagen)	 was	 performed	 in	 200	μl	 buffer	 MDL	 (MagAttract	 DNA	




























Using	 a	 larger	 set	 of	 reference	 samples,	markers	were	manually	















the	 detection	 of	 candidate	markers	 under	 selection	was	 performed	
by	means	of	two	different	softwares,	ARLEQUIN	3.5.1.2	(Excoffier	&	
Lischer,	2010)	and	BAYESCAN	(Foll	&	Gaggiotti,	2008).	The	latter	 is	
shown	to	produce	 lower	error	rates	 in	simulated	datasets	 (Narum	&	
Hess,	2011),	and	lower	number	of	outliers	in	empirical	datasets	than	












Global	 and	 pairwise	 genetic	 differentiations	 (FST)	were	 estimated	
by	means	of	the	ARLEQUIN	software,	and	the	pairwise	differentiation	
was	calculated	 for	all	SNP	 loci,	 and	separately	 for	SNP	 loci	detected	





























with outlier FST, and those with FST	within	95%	confidence	limits	were	
analyzed	separately	to	explore	the	potential	effects	of	selection	on	the	












vester/).	The	 estimated	 cluster	membership	 coefficient	matrices,	 for	
individuals	and	sampling	groups,	for	the	best	fitted	K	was	permuted	so	
that	all	replicates	have	as	close	a	match	as	possible	using	the	CLUMPP	
program	 (Jakobsson	 &	 Rosenberg,	 2007).	 Linear	models	were	 fitted	




genotype,	 and	 all	 nonmonomorphic	 loci	 were,	 therefore,	 tested	 for	
length	 differences	 between	 genotypes.	 One-	way	 ANOVA	 was	 con-
ducted	with	length	as	the	response	variable,	and	locus	(with	levels	AA,	
AG, and GG or AA,	AC, and CC)	as	predictor,	and	Tukey	pairwise	post	
hoc	test	was	conducted,	testing	mean	body	 length	across	genotypes	
of	the	loci.	This	test	was	also	conducted	in	the	W/0+	and	H/1+	groups	








The	 BOTTLENECK	 1.2.02	 software	 (Cornuet	 &	 Luikart,	 1996)	
was	 run	 using	 an	 infinite	 allele	mutation	model	 (I.A.M.),	 a	 stepwise	





Totally,	 3,871	 SNP	 loci	were	 analyzed	 (Table	 S1)	with	 scoring	 suc-
cess	of	97.6	to	99.4%	within	each	sample,	and	3,196	(H/1+)	to	3,270	
Groups of loci S S∆L % Fp < .05 %
All	biallelic	loci	of	W/1+ 3270 345 10.6 49 14.2
Candidates	of	pairwise	W/0+	
vs.	W/1+	analysis
150 34 22.7 30 88.2
Candidates	of	pairwise	W/1+	
vs.	H/1+	analysis




184 21 11.4 1 4.8
Candidates	of	pairwise	W/1+	
vs.	H/1+	SGoF	corrected
19 4 21.1 0 0
Candidates	of	hierarchic	model 203 18 8.9 2 11.1
Candidates	of	hierarchic	model	
SGoF	corrected















and	W/1+	 had	 the	 largest	 coefficient	 of	 variation.	 The	 variance	 of	
the	means	was	different	(Levene’s	test	for	homogeneity	of	variance,	
F2,140 = 12.27,	 p < .0001),	 and	 one-	way	 ANOVA	 of	 means	 (not	 as-
suming	equal	 variances)	was	performed,	 revealing	 significant	differ-
ences	between	 the	 sample	groups	 (Welsh	ANOVA:	F2,79.5 = 497.58,	
p < .0001),	 and	 Tukey	 post	 hoc	 test	 stated	 significant	 differences	
	between	all	pairs	(p < .01).





49	 (14.2%)	of	 these	 loci,	 the	 largest	genotype	of	W/1+	was	signifi-
cantly	more	frequent	in	the	W/1+	sample	than	in	the	W/0+	(Table	1).
Pairwise	ARLEQUIN	analyzes	detected	150	to	215	loci	(4.5–7.0%	
of	 the	 pairs	 of	 bi-	allelic	 loci)	 as	 candidates	 of	 positive	 selection	 by	
significant	outlier	FST	 (p < .05),	 before	 correction	 (Table	S2).	FST was 
































tween	genotypes.	Among	 these,	30	 (88.2%)	had	 significantly	higher	
frequency	of	the	largest	genotype	in	the	W/1+	sample	than	in	W/0+	
(Tables	1	and	S4).	Just	10	candidate	loci	(6.7%	of	candidates	from	the	






were	nonsignificant	 after	 SGoF	correction,	 and	one	 candidate	 locus	
only	was	detected	based	on	the	BAYESIAN	analysis,	differing	from	the	
other sets.
Three	 loci	 showed	 corresponding	 body	 length	 differences	 be-
tween	genotypes	in	the	W/1+	and	the	H/1+	sample,	and	these	were	
loci	no	675	 (AG	 larger	 than	AA,	p = .012–.030),	962	 (AA	 larger	 than	

























and	 the	 pairwise	 FST	 -	 values	 between	 sample	 groups	 were	 all	
























FST Analyzed W/0+ W/1+
W/1+ All loci 0.0048
Candidate	loci 0.0291
Noncandidates 0.0036
H/1+ All 0.0334 0.0312
Candidate	loci 0.1145 0.1125
Noncandidates 0.0226 0.0235
F IGURE  4 Determination	of	the	number	of	clusters	based	on	ΔK 
from	STRUCTURE	analysis	based	on	442	loci	detected	as	candidates	
of	selection	( )	and	based	on	3429	loci	assumed	to	be	neutral	( )




“best	fit”	number	of	clusters	based	on	ΔK	showed	a	maximum	at	K = 2 
and at K = 4.	When	analyzing	the	442	candidate	loci	only,	ΔK	peaked	
at K = 2,	whereas	ΔK	 peaked	 at	 both	K = 2 and K = 4	when	 analyz-
ing	the	remaining	3,429	presumably	neutral	loci	(Figure	4).	With	K = 2 




Concerning	 the	 K = 2	 structure	 revealed	 from	 the	 candidate	
loci,	 fish	 body	 length	 of	 the	W/1+	 group	 correlated	 positively	with	
estimated	membership	 of	 one	 cluster	 (F1,45 = 6.0,	 p < .05,	 Figure	6),	
and	 consequently	 negatively	 with	 the	 other	 cluster	 membership.	
With	 the	K = 4	 structure,	 fish	 length	 of	W/1+	 specimens	was	 posi-
tively	correlated	(F1,45 = 9.28,	p < .01)	with	the	membership	of	Cluster	
1	 (with	the	 lowest	representation	of	H/1+,	Figure	6),	and	negatively	
(F1,45 = 9.38,	p < .01)	with	the	membership	of	Cluster	4	(with	the	high-
est	representation	of	H/1+).	The	coefficients	of	variation	indicate	that	
the	memberships	 of	 the	 two	 clusters	 of	 the	K = 4	 structure	 explain	
slightly	more	of	the	variation	(17.1%–17.3%,	Figure	7)	than	the	mem-
bership	of	the	K = 2	cluster	(11.7%;	Figure	6).
BOTTLENECK	 software	 analyzes	 yielded	 results	 demonstrating	
significant	excess	of	heterozygotes	compared	with	the	prediction	of	
all	 three	models	 (p < .001)	 indicating	 recent	bottleneck	events	 in	 all	
sample	groups.
4  | DISCUSSION
Wild	 brown	 trout	 caught	 in	 the	 stream	 Sagbekken	 in	 June	 (W/1+)	
were	 on	 average	 19.4	mm	 larger	 than	 their	 relatives	 of	 the	 same	
cohort	 (W/0+)	caught	eight	and	a	half	month	earlier	 (mostly	winter	
conditions)	 in	the	same	habitat.	 It	 is	 interesting	to	compare	the	two	
samples,	in	an	attempt	to	reveal	what	happened	with	the	wild	brown	
trout	 during	 its	 first	 winter	 in	 the	 stream	 habitat.	 Survival	 during	
first	winter	has	been	shown	to	be	size	selective	 in	salmonids	 (Hunt,	
1969;	Johnston,	Bergeron,	&	Dodson,	2005;	Meyer	&	Griffith,	1997),	
although	 size-	selective	mortality	may	 be	masked	 by	 high	 nonselec-
tive	mortality	(Johnston	et	al.,	2005;	Søgard,	1997).	Also,	comparing	









function	of	the	assignment	of	two	clusters	of	the	K = 4 structure
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breeding	in	a	hatchery	are	likely	to	provide	insight	into	the	effect	of	




Among	 the	 34	 (22.7%)	 candidate	 loci	 from	 the	W/0+	vs.	W/1+	
set	with	genotypic	length	differences	in	the	W/1+	sample,	almost	all	
(88.2%)	had	higher	frequency	of	the	largest	genotype	in	the	W/1+	sam-



















length	 varied	 substantially	 between	 the	 two	 environmental	 condi-
tions.	There	were	three	exceptions	though,	where	the	same	genotypes	
being	largest	in	both	W/1+	and	H/1+,	and	these	loci	(no	675,	962	and	
3,492)	may	potentially	be	 linked	 to	growth	capacity	 independent	of	
environmental	factors.
The	 indication	 of	 selection	 based	 on	 outlier	 FST	 was	 generally	
weaker	in	the	W/0+	vs.	W/1+	pair	than	in	the	other	pairwise	analy-
sis,	expressed	by	the	fact	that	only	one	locus	was	detected	by	means	
of	 the	conservative	BAYESCAN	method,	and	no	outlier	FST was sig-
nificant	after	to	the	SGoF	correction.	The	increased	frequency	of	the	
largest	 genotype	 in	W/1+	 compared	with	 the	W/0+	 sample,	 never-
theless	suggests	an	effect	of	selection,	which	is	notable,	and	it	seems	











with	a	cluster	dominated	by	hatchery	fish,	both	with	K = 2 and K = 4 
structure. The K = 2	 structure	based	on	 candidate	 loci	 indicate,	 and	
the	differentiating	process	acted	more	strongly	in	the	hatchery	group	
than	on	the	stream	living	specimens.	This	corresponds	to	a	previous	















Garant,	 &	 Bernatchez,	 2013;	Wedekind,	 Rudolfsen,	 Jacob,	 Urbach,	
&	Muller,	2007).	With	a	mortality	of	<5%	in	the	hatchery,	there	was	




also	 suggested	 that	 some	 SNP	 loci	were	 linked	 to	 growth	 capacity	
and	were	expressed	differentially	between	wild	and	hatchery-	reared	
brown	 trout.	 This	 finding	 agrees	 with	 other	 studies	 demonstrating	
highly	 differentiated	 selection	 regimes	 in	 salmonid	 hatcheries	 com-
pared	 with	 the	 wild	 (Besnier	 et	al.,	 2015;	 Sundström,	 Petersson,	
Höjesjö,	 Johnsson,	&	 Järvi,	 2004),	with	 possible	 negative	 long-	term	
introgression	consequences	for	wild	populations	exposed	to	repeated	
stocking	 of	 hatchery-	reared	 individuals	 (Araki	 et	al.,	 2008;	 Lamaze	
et	al.,	 2013;	Wedekind	 et	al.,	 2007).	 In	 nature,	 adaptation	 to	 actual	
temperature	regime	is	crucial	(Bærum	et	al.,	2016;	Jensen	et	al.,	2008;	


















between	genotypes	and	body	 length	was	detected	 in	 several	 loci	 in	
this	study,	although	for	the	majority	of	candidate	loci	it	was	not	so.	The	
loci	 detected	 in	 several	 pairwise,	 and	 in	 the	hierarchical	ARLEQUIN	
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hatchery-	reared	 salmonids	 in	 the	 wild.	 Evolutionary Applications,	 1,	
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ent	 climatic	 regions	of	Norway	 to	 an	experimental	 thermal	 gradient.	
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